We report on the diode-pumped continuous-wave laser operation of a c-cut Nd:YAlO 3 (YAP) laser crystal at various low gain emission wavelengths around 1.1 m by using a simple and compact linear cavity and a glass etalon. Inserting and tilting the etalon in a particular position, single-wavelength operation at 1099 nm is achieved first, at low pump power, with a maximum output power value of 0.15 W. Then, increasing the pump power leads to dual-wavelength operation at 1079 and 1099 nm with a maximum output power value of 2.28 W and a laser slope efficiency value of about 20%. Further tilting the etalon, dual-and single-wavelength laser operations could be achieved, for the first time to our knowledge, at 1090 and 1106 nm. Single-wavelength laser operations at 1106 and 1090 nm are obtained with maximum output power values of 0.25 and 1.44 W, respectively, and simultaneous dual-wavelength lasing could be obtained with a maximum output power value of 1.89 W and a laser slope efficiency value of nearly 18%.
Introduction
Nd 3+ -doped laser crystals that achieve 1.06 m laser operation still remain very attractive both because of their true 4-level laser operation mode ( 4 F 3=2 ! 4 I 11=2 emission transition) and for their usually high gain cross sections. Among these Nd 3+ -doped crystals, Nd:YAG is the most widely used laser material thanks to its excellent mechanical and thermo-optical properties. Moreover, the emission cross section of Nd:YAG around 1.06 m is quite high, which makes it favorable for laser generation with relatively low threshold and high-power output. Nd:YAG [1] - [3] as well as other Nd-doped oxides like Nd:GGG [4] , [5] , Nd:YVO 4 [6] , [7] and Nd:GdVO 4 [8] were also proved to lead to interesting laser performance at different longer laser wavelengths with lower gain cross sections between 1.07 and 1.1 m. It deserves to be pointed out that these lasers around 1.07 and 1.1 m have important applications in detecting carbon monoxide poisoning by being frequency doubled to about 538 and 555 nm since carbonylhemoglobin and hemoglobin have broad absorption at these two visible laser radiations [2] , [9] . In fact, such laser sources have already garnered much attention during the past decade. For instance, in 2012, Chen et al. reported laser operation at 1105.6 and 1110.4 nm in Nd:GGG with some 1.4 W output power [4] . Pang et al. reported laser operation of Nd:YVO 4 at 1073 nm [6] and Shayeganrad et al. demonstrated dual-wavelength laser operation at 1064.5 and 1085.5 nm [7] . Similar results were obtained with Nd:GdVO 4 , along with an additional laser line at 1083 nm [8] .
Nd 3+ -doped Yttrium aluminum perovskite, YAlO 3 (YAP) could be even more interesting because of a series of almost equidistant emission lines extending up to about 1130 nm [10] , thus offering the possibility of lasing at many distinct laser wavelengths for various applications. Nd:YAP is known as a very robust crystal, more robust that vanadates, and with thermomechanical and laser emission properties generally comparable to that found with Nd:YAG [10] , [11] . Moreover, Nd:YAP is a biaxial crystal offering various advantages, such as strongly polarized emission lines, like in the case of Nd:YVO 4 or Nd:GdVO 4 , and emission lines between about 1.08 and 1.1 m, which do not exist in Nd:YAG [10] , [12] . Nd:YVO 4 [10] . Therefore, in order to achieve laser action at all these emission wavelengths, including those low gain emission wavelengths, c-cut Nd:YAP crystals along with a E//b polarization appear more favorable, which is something already realized and confirmed in the past by Hanson et al. [12] with the laser emission line occurring around 1.1 m. In this work, a c-cut Nd:YAP crystal was used as laser gain medium and laser emissions were investigated at several laser wavelengths around 1.09 and 1.1 m.
Laser Operation Conditions
The laser experimental set-up in this work is schematically shown in Fig. 1 . The pump source is a fiber-coupled laser diode delivering a maximum output power of about 18 W with an emitting laser wavelength changing from about 798 nm to 803 nm with the increasing injected drive current. The output of the LD is out-coupled into a fiber pigtail with a numerical aperture (NA) of 0.22 and a core radius of 200 m. The end-face of the coupling fiber was then imaged into the laser crystal with a collimating doublet lens of 50-mm focal length and a focusing doublet lens of 40-mm focal length. The c-cut Nd:YAP laser element was a 5 mm long and 0.8at.% Nd-doped crystal with 3 Â 3 mm 2 parallel end faces. The front facet S1 (see in Fig. 1 ) of the laser crystal was coated with a high transmission coating of more than 98% at the pump wavelength and a high reflection of more than 99.8% in the considered laser emission range. With these conditions, the front facet of the laser crystal played the role of input cavity mirror and 78% of the pump power was absorbed inside the crystal at the maximum output power of the laser diode. The rear facet S2 of the laser crystal was also coated but with an antireflection coating at the laser wavelengths. The output coupler was a concave mirror with a radius of curvature of 1 m and with a broadband coating transmitting 7.1% at 1064 nm, 6.5% at 1079 nm, 6.3% at 1090 nm, 6.5% at 1099 nm and 6.3% at 1106 nm. Wavelength tuning was realized by using a simple uncoated 0.1-mm glass plate acting as intra-cavity Fabry-Pérot etalon. In the end, in order to obtain stable laser operation even at high pump power, choice was made for a short laser cavity of about 15 mm. Moreover, for the sake of alleviating the thermal lensing effects in the laser crystal resulting from the pump and laser wavelengths Stokes shift ("quantum defect") and the pump-induced non-radiative relaxations within the involved Nd 3+ energy levels, the heat generated inside the laser crystal was partly evacuated by using a water cooling system with the temperature set at 18°C.
Results and Discussion
We checked first the E//c and E//b polarized emission spectra of the b-and c-cut Nd:YAP crystals. As shown in Fig. 2 , these emission spectra are both consist of nine nearly equidistant and sharp lines ranging from about 1050 nm to 1110 nm. From these spectra, it is confirmed that the relative intensity of the low gain emission lines occurring around 1090 and 1100 nm are more important for the c-cut crystal and E//b polarization than for the b-cut crystal and E//c polarization.
Without intracavity etalon, laser action naturally occurred at the highest gain emission peak of 1064 nm. After optimization of the laser cavity at that laser wavelength, the 0.1-mm etalon was inserted between the laser crystal and the output mirror. The good quality of this glass etalon was attested to by the very small difference of output powers, which was found before and after its insertion in the laser cavity in the % 0 position (see Fig. 1 ), namely, when it was oriented perpendicularly to the axis of the laser cavity. Laser operation at the low-gain emission lines was Under these conditions of dual-wavelength lasing at 1079 and 1099 nm, we obtained a maximum total laser output power of 2.28 W with a laser slope efficiency of about 20%. The corresponding laser output powers and laser spectra are reported in Fig. 3 . It is worth noting, according to these results, that lasing occurred simultaneously at the two laser wavelengths with about the same intensities. We also measured the maximum output power stability of the dual-wavelength laser to be about 2.89% over 30 min.
Further tilting the etalon, lasing was finally achieved at both 1106 and 1090 nm, which was never demonstrated so far in the previous literature. Reducing the pump power to laser threshold, single wavelength lasing at 1106 or 1090 nm could be found by slightly tilting the angle of the etalon. However, probably because of the higher emission cross section of the 1090 nm emission line, only single wavelength laser at 1090 nm could be maintained throughout the available pump level of our pump source by finding the appropriate tilt angle of the etalon. Fig. 4 shows the resulting output versus input power characteristics and the laser spectrum of this 1090 nm emission line. It is achieved a maximum output power of about 1.44 W with a laser slope efficiency of about 13.5%. The maximum output power stability was measured to be about 2.73% in half hour. The laser spectrum indicates a FWHM of about 0.35 nm. Such a relatively narrow emission bandwidth is due to the etalon; it covers about 12 longitudinal modes.
As mentioned above, lasing was also achieved at 1106 nm for a certain position of the etalon. However, single-wavelength lasing could be only maintained at low pump levels. Increasing the pump power finally led to dual-wavelength lasing at both 1106 nm and 1090 nm. This situation is very similar to the above demonstrated dual-wavelength laser operation at 1099 and 1079 nm. The laser output versus input power characteristics and laser spectra corresponding to these single-and dual-wavelength lasing at 1106 nm and 1090 nm are reported in Fig. 5 . The maximum output power of the single-wavelength lasing at 1106 nm reached about 0.25 W for an absorbed pump power of about 4.0 W. Above this absorbed pump power, lasing occurred at 1090 nm, and total maximum output power reached a value of about 1.89 W with a laser slope efficiency of about 17.9% and a power stability of about 3.26%.
Returning now to the above laser results obtained at 1090 nm, it is worth noting here that to achieve single-wavelength laser operation at that wavelength, lasing of the higher gain emission lines at about 1064, 1072 and 1079 for the c-cut Nd:YAP crystal must have been suppressed due to the 0.1-mm etalon. To confirm that result, we simulate in Fig. 6(a) the transmission differences ÁT of the etalon between the 1090 nm and other three higher-gain lasing wavelengths as a function of the tilt angle of the etalon by using the expression (1) of [13] . From this figure, two conclusions can be derived: i) It is possible to suppress the three higher gain lasing wavelengths only by using the 0.1-mm etalon because the corresponding three transmission difference curves almost coincide; ii) by increasing the tilt angle of the etalon, the curves maxima also slightly increase. However, these curves become narrower which indicates that the orientation of the etalon becomes more critical. Fig. 6(b) shows the transmission variation of the etalon with laser wavelengths for a tilt angle of about 12.2°. The transmissions are found equal to about 85%, 84.6%, 91%, and 100% at the 1064, 1072, 1079, and 1090 nm laser wavelengths, respectively. Thus, the higher-gain emission lines can be prevented to lase and singlewavelength lasing at 1090 nm can be indeed achieved just by playing with the etalon.
In the end, it is worth noting that no laser action was obtained at 1084 nm using our c-cut Nd: YAP crystal. However, this 1084 nm laser emission could be already operated in the past by using an etalon but with a b-cut laser crystal [13] . The reason holds in the low gain cross section of this emission line compared to the others for an E//b polarization, which is clearly shown with the emission spectra reported in Fig. 2 . Namely, laser emission at this laser wavelength can be probably obtained only with a b-cut laser element and for an E//c polarization.
Conclusion
In this paper, we experimentally demonstrated the single-and dual-wavelength continuouswave laser operation of a diode-pumped c-cut Nd:YAlO 3 laser crystal using a simple and compact linear cavity and an intracavity etalon. Single-wavelength laser operation at 1099 nm and dual-wavelength laser operation were first obtained at 1079 and 1099 nm for a particular position of the etalon. Single-wavelength lasing was achieved at 1099 nm with a maximum output power of 0.15 W and dual-wavelength lasing with a maximum total output power of 2.28 W, a laser slope efficiency of 20%, and similar output powers at the two laser wavelengths. Tilting and slightly adjusting the etalon around another position, single-wavelength and dual-wavelength laser operation were also obtained at 1106 and 1090 nm for the first time. Single-wavelength lasing was achieved at 1106 and 1090 nm with maximum output powers of 0.25 and 1.44 W, and simultaneous dual-wavelength lasing was achieved with a total maximum output power of 1.89 W and a laser slope efficiency of about 17.9%.
